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Introduction
Summer-spawning herring off Iceland spawn in July, mainly south and south-west of the country. The larvae usually hatch in August, and they remain as larvae throughout the winter. They metamorphose the following spring. The nursery grounds are mainly in the fjords of north and north-west Iceland, and there the juveniles stay until they are about 2 years old. The adult component has two distinct feeding seasons, in the periods April-June, i.e. prior to the spawning season, and August-October, i.e. following the spawning season. The feeding areas are off the west and east coasts of Iceland, and the wintering areas of the adult stock have been variable in recent years. The adult herring overwintered in the east coast fjords in the 10 years from 1980 to 1989, but more recently most of the adults have overwintered offshore of the east coast of Iceland, while the recruiting year classes have overwintered off southwest Iceland (Fig. 1) .
Year-round fishing started in the early 1960s, and Jakobsson (1980) described how this new development resulted in a rapidly increasing rate of exploitation and a corresponding decline in stock biomass (Fig. 2) . This decline coincided with poor recruitment that could also have been influenced by deteriorating environmental conditions during the late 1960s (Jakobsson and Stefánsson, 1998) . At the end of 1971, a moratorium on fishing the stock was accepted. It is estimated that, at that time, the spawning stock biomass was only some 12 000 t, all overwintering in two schools south-east of Iceland. However, in summer 1971, this very small spawning stock produced a relatively strong year class that was to become the basis of the subsequent recovery of the stock.
During the moratorium on fishing, a new policy for future harvesting of the stock was formulated. Using monthly weight-at-age data collected during the yearround fishery prior to its collapse, yield per recruit was computed (Jakobsson, 1973) . The results showed clearly that considerable increase in yield per recruit would be achieved by limiting the fishing season to the last four calendar months of the year (Fig. 3) . A further increase in yield per recruit was also possible by limit ing the fishery to the adult stock, i.e. herring >27 cm in length, corresponding to the approximate 50% maturation length (Jakobsson et al., 1993) . When the fishery was reopened in 1975, both seasonal restriction (Sep.-Dec.) and a minimum landing size of 27 cm were implemented.
During an ad hoc meeting to provide advice on the biological bases for fisheries management, ICES (1977) stressed the need to consider exploitation pattern and seasonal restrictions when formulating management policy. The report also recommended fishing at a low level of F, and fishing at F 0.1 was much preferred to fishing at F max , especially for schooling species that had been shown to be vulnerable to high rates of exploitation. Subsequently, as the Icelandic summer-spawning herring stock increased and its fishery developed during the late 1970s, a policy was adopted that the target fishing mortality rate should be F 0.1 .
Monitoring stock recovery
Contemporary assessment of the stock during its period of recovery was primarily based on acoustic surveys which, during the early and mid-1970s, were considered very uncertain both as a result of lack of reliable information on the target strength of the herring as well as of the primitive means of calibrating the instruments. Despite these uncertainties in acoustic estimates up to the early 1980s, however, it appears that the contemporary estimates leading to the calculation of spawning stock biomass (SSB), the basis for advice on the exploitation rate and total allowable catch (TAC), appear to have been very near the estimates obtained by ICES (1997; Fig. 4) .
Nevertheless, the stock was consistently overestimated and the exploitation rate underestimated during the late 1980s and the early 1990s. The difference between the acoustic values and those obtained from VPA is about 30%. The reasons for this were analysed by Jakobsson et al. (1993) , who concluded that the most likely error came from the use of too low target strength (TS) values in the acoustic surveys. Subsequently, a TS value about 30% higher than used before has been applied since 1993 when calculating the results of the acoustic surveys. This new TS value is similar to values used for other herring stocks in the North-East Atlantic.
The fishery
During the 1950s the directed fishery for summerspawning herring off Iceland took place mainly off the south-west coast. Annual catches, which were exclusively made with drift nets, varied from 15 000 t to 35 000 t, but increased towards the end of the decade. It was the introduction of sonar-guided, powerblock purse-seining that revolutionized the fishery at the beginning of the 1960s and allowed it to develop into a year-round one, completely displacing the seasonal driftnet operation. Catches immediately rose to more than 100 000 t during the early 1960s (Fig. 2) . When fishing was stopped at the end of 1971, it was in reality a ban on purse-seining. No drift netting had taken place since 1960. However, it was decided to allow a small, experimental drift-net fishery to operate during the closure and, when the fishery was reopened in 1975, that experimental drift-net fishery continued. It subsequently developed into a commercial fishery that lasted until 1985.
During the first 4 years after reopening of the fishery, management measures were aimed at controlling the purse-seine fishery while allowing the drift-net fishery to develop without restriction. The TAC recommendations for 1975 , 1976 , and 1977 were therefore made for the purse-seine operation, while the recommendations from 1978 are for the entire fishery. For the whole period 1975-1996, the sum of the recommended TACs was 1 377 500 t and the total catch was 1 517 900 t, a difference of about 10% ( Figure 3. Two yield-per-recruit curves illustrating the gain in yield using seasonal restrictions versus a year-round fishery (after Jakobsson, 1973). or very near the agreed one. Extra catches can therefore be attributed to difficulties in enforcing the agreed TAC, partly because of the large number of vessels and partly because of their small catches. From 1988 to 1996 the main source of extra catches lay in the differences between the agreed TAC and that recommended. It probably reflected a changed attitude of the management authorities. During the first few years after the collapse of the stock, authorities and the industry were very much aware of the danger of a new collapse but, as the stock recovered, they felt that it was in less danger and so were tempted to increase the TAC. During the period 1975-1985, herring catches were taken by two different fleets, purse-seiners and drifters. The purse-seine fleet was controlled by individual quotas which, during the first few years, were non-transferable but then had only limited transferability until 1990. The number of purse-seiners participating in the fishery increased rapidly until 1980, when the total number operating was 144. The catch of each purse-seiner was small, especially given the efficiency of a modern purseseine fleet. In 1982, about 150 purse-seiners applied to participate, but it was decided to use a lottery system to eliminate half of them for that year; they would get their chance in 1983. The catch per boat increased from 200-300 t to about 500 t. Then, given the limited transferability of the quotas during the period until 1990, the number of purse-seiners participating gradually decreased and the catch per boat increased correspondingly. From 1990 the purse-seine fishery has been controlled by individual completely transferable quotas, with the result that the number of boats participating has dropped dramatically and the catch per boat has, since 1993, been an order of magnitude greater than it was at the beginning of the fishery, in the late 1970s (Fig.  6 ). This development has of course greatly increased the profitability of this fishery. , 1975-1996. Reconsidering management strategies for summer-spawning herring off Iceland
The Icelandic summer-spawning herring stock provides an unusually clean case study, because the fishery is targeted at a single stock and there are few technical interactions that need to be taken into account.
Stock-recruitment relationship
When considering a management strategy, it is important to take note of any possible relationship between spawning stock biomass and recruitment when evaluating the potential yield of a fish stock. This could not be done when the harvesting policy was formulated during the 1970s.
Early results for the stock indicated that average recruitment appeared to be a strictly increasing function of spawning stock size, with no indication of an asymptote (Jakobsson et al., 1993) . Thus, stock-recruitment relationships such as those of Ricker and Beverton and Holt fit the data poorly. However, a strictly increasing Cushing curve, R= S (Cushing, 1973) , provides a better fit. The parameters of this curve are estimated using an assumption of lognormal recruitment variation and bias correction, because log-transforming invites a bias on back-transformation.
It has been noted that, not only do summer-spawning herring off Iceland exhibit a fairly obvious stockrecruitment relationship, but there is also a distinct recruitment pattern that relates to environmental conditions (Jakobsson et al., 1993) . Therefore, when separate stock-recruitment curves are fitted to the cold period (1964) (1965) (1966) (1967) (1968) (1969) (1970) and to all other years, the curves are highly significantly different (Fig. 7) .
The entire 48-year period from 1947 to 1994 contains only one distinctly cold period of 7 years, but still this facet of the environment should be included when modelling the stock dynamics of this population of herring. One approach to this is to simulate the probability of a cold 7-year period. Including such an effect will affect the resulting probability of there being a serious reduction in stock size.
The particular Cushing curve estimated from the entire time series of annual estimates of spawning biomass and the corresponding number of one-ringers is shown in Figure 8 , along with replacement lines corresponding to F=0 and F=F 0.1 . The F 0.1 -based replacement line intersects the Cushing stock-recruitment curve at a level of recruitment of around 1200 million fish and a spawning stock biomass close to 800 000 t. Given that the current level of spawning stock is about 500 000 t, and that fishing mortality has remained at or above F 0.1 for some time, this may appear to be a reasonable estimate, although it is clearly outside the range of available data. 
Yield potential and reference points
Fishing at F 0.1 has traditionally been a target reference point for the stock analysed here. As can be seen in Figure 8 , it would lead to an equilibrium spawning stock biomass of around 800 000 t based on the Cushing curve. Alternative strategies are worth considering, however, particularly because the issues considered when formulating the F 0.1 strategy did not include the stock-recruitment relationship. Given a Cushing stock-recruitment function, and a specified biomass-perrecruit level, the corresponding equilibrium stock size, equilibrium recruitment and, through yield-per-recruit, equilibrium yield can be computed easily (Fig. 9) .
The equilibrium yield as a function of spawning stock size is increasing within the range of the data, and the maximum of this theoretical curve is not obtained until at several times the maximum observed spawning stock biomass. Considerable gain in yield is predicted from an increased spawning stock size and there would therefore appear to be potential gain from reducing fishing mortality a little from the present target level, which is obtained solely from yield-per-recruit computations.
Risk analysis
The basic harvesting strategies considered below consist of a target fishing mortality and a maximum catch, the effect of varying both parameters being considered in terms of important quantities. The base range of fishing mortality lies between 0.05 and 0.35, whereas the maximum catch is considered to lie in the range 100 000-300 000 t. The parameter values used in the simulations are taken from the 1997 assessment. Thus, maturity-atage, stock number-at-age in 1997, weights-at-age and selection-at-age are all taken from ICES (1997).
Uncertainty is included in the computations by assuming a log-scale standard error (CV) of 0.2 on adult population estimates in the initial year, in accordance with the assessment uncertainty (ICES, 1997). As recruitment variation seems to have a corresponding CV of 0.8, it is assumed that the younger ages have linearly interpolated CVs between 0.8 on age 0 and 0.2 on adults in the initial year, as has been done for other stocks in similar projections (Baldursson et al., 1996) .
An important first consideration is the probability of reducing the stock to the very low levels associated with the stock collapse around 1970. For all fishing mortality rates considered (0.05-0.35), the probability of reducing the stock to below 100 000 t is less than 2%, except when F increases from 0.25 to 0.35. Thus, the probability of stock collapse needs no further consideration as long as the target fishing mortality is kept below 0.25.
Simulations were conducted with the parameters indicated above. The results in terms of average yield and standard deviation of this average yield during the period 1998-2028 are evaluated for different levels of fishing mortality and maximum catch (Table 1) . Although the scale used for fishing mortality is fairly coarse, it is still obvious that the maximum yield is obtained by fishing with F at around 0.2. It is also seen that little is lost in terms of catch if fishing mortality is increased, and the drop in catches is less than 10% even if fishing mortality is increased to 0.35.
It is important in this context to consider also the accuracy of these mean values. The standard deviations of the mean catch are given in parentheses in Table 1 . This quantity is an indication of the variability in the estimated average. The catch ceiling seems quite important in terms of reducing variability. Thus, at F=0.2, the expected catch level is the same at catch ceilings of 200 000-300 000 t, but there is a considerable difference in the standard deviation. Naturally, these high levels of catch are far above those that have been made historically and it has yet to be seen whether they can be attained in future. If a formal harvesting strategy is to be adopted, however, then it would be useful to incorporate a catch ceiling well before it is attained.
Conclusions
Owing to the stock-recruitment relationship (of increasing recruitment with increasing stock), the overriding concern in developing the stock and the fishery is to maintain a sufficiently low fishing mortality. The simulations indicate that fishing mortality close to or even below F=0.2 would be a useful target reference point for the stock, agreeing with the positive experience of the past 24 years, when the target reference point was F 0.1 (not significantly different from F=0.2).
However, experience in Iceland has shown that a biomass-based rule is preferable to an F-based rule, as it is easier to explain a biomass-based rule to the fishing industry. Owing to possible variations in age at first maturity and uncertainties in predicting them, it has also proved useful to calculate biomass with reference to age rather than spawning stock. The maturity ogive of this stock is very steep (Jakobsson et al., 1993) , with 50% maturation at about 27.5 cm. With the current agelength relationship, this means that only a very small fraction of two-ringers (3-year-old herring) spawns, whereas about 97% of three ringers (4-year-old herring) are mature and become first-year spawners. Therefore, the biomass of three-ringer and older herring is almost identical to that of the spawning stock. If a biomassbased control rule is adopted, it would be feasible to define three-ringer and older herring as adults and to calculate the TAC as a fraction of the adult biomass. As observed by ICES (1999) , examination of the stockrecruitment data (Fig. 7) suggests that the probability of poor recruitment increases at a SSB below 200 000 t, which defines B lim . In order to take into account uncertainty in estimating biomass, a B pa equal to 300 000 t is proposed.
In summary, a catch control rule could be formulated as follows. The TAC is either calculated as that corresponding to F 0.1 , as has been successfully done for many years, or as a percentage (not more than 20%) of the adult biomass (three-ringer and older herring). If the adult biomass falls below 300 000 t, the exploitation rate should be reduced sharply, and fishing should be halted if it falls below B lim , i.e. 200 000 t. (9) 93 (7) 94 (7) 95 (8) 150 72 (17) 99 (18) 113 (19) 114 (20) 110 (23) 200 74 (20) 104 (24) 120 (27) 120 (28) 113 (29) 250 74 (18) 107 (24) 124 (27) 122 (27) 113 (25) 300 75 (22) 108 (30) 124 (34) 123 (34) 114 (31) 
